SAA is a major acute-phase protein produced in large quantity during APR. The rise of SAA concentration in blood circulation during APR has been a clinical marker for active inflammation. In the past decade, research has been conducted to determine whether SAA plays an active role during inflammation and if so, how it influences the course of inflammation. These efforts have led to the discovery of cytokine-like activities of rhSAA, which is commercially available and widely used in most of the published studies. SAA activates multiple receptors, including the FPR2, the TLRs TLR2 and TLR4, the scavenger receptor SR-BI, and the ATP receptor P2X7. More recent studies have shown that SAA not only activates transcription factors, such as NF-kB, but also plays a role in epigenetic regulation through a MyD88-IRF4-Jmjd3 pathway. It is postulated that the activation of these pathways leads to induced expression of proinflammatory factors and a subset of proteins expressed by the M2 macrophages. These functional properties set SAA apart from well-characterized inflammatory factors, such as LPS and TNF-a, suggesting that it may play a homeostatic role during the course of inflammation. Ongoing and future studies are directed to addressing unresolved issues, including the difference between rSAA and native SAA isoforms and the exact functions of SAA in physiologic and pathologic settings. J. Leukoc. Biol. 98: 923-929; 
Introduction
The APR is a systemic reaction to environmental insults that are harmful to the host, including infection, trauma, severe stress, and late-stage neoplasia [1] . APR is conserved across all mammals and is highly coordinated, involving numerous changes in the expression level of plasma proteins, as well as metabolic, physiologic, and behavioral changes. Central to these changes is the hepatic production of acute-phase proteins, including SAA, C-reactive protein, and complement proteins [2] . It is widely believed that APR serves to isolate pathogens for eradication and to reduce tissue damage. However, how APR protects host against environmental insults remains largely unknown. During APR, the plasma level of SAA rises by up to 1000-fold [2] . In inflammatory tissues, macrophages serve as a major source of SAA [3] . Elevated SAA production is seen in rheumatoid arthritis [4, 5] , atherosclerosis [6] [7] [8] , Crohn's disease [9] , and Type 2 diabetes [10, 11] . These findings suggest that SAA may play an active role in inflammatory disorders.
SAA GENES AND SUBTYPES
To understand the potential functions of SAA in physiologic and pathologic conditions, it is necessary to first examine the SAA genes and subtypes. SAA is the name of a collection of small proteins with 104 aa in their mature forms [12] . These proteins are encoded by 4 separate but closely related genes located on chromosome 11 [13] . In humans, the expression of SAA1 and SAA2 is induced by inflammatory cues, including IL-1b, IL-6, and LPS. The induction of these genes involves the transcription factors NF-kB, AP-1, and Yin Yang 1, which are activated during APR [14] . Induced expression of SAA1 and SAA2 by hepatocytes contributes significantly to the rise of SAA in plasma during APR. Human SAA3 is a pseudogene, and human SAA4 encodes a protein that is constitutively produced [15] . As a result, the inducible SAA isoforms (SAA1 and SAA2) are termed acute-phase SAAs. Both SAA1 and SAA2 are also produced in inflammatory tissues by several types of cells, including macrophages. In mice, Saa1 and Saa2 are major forms of SAA proteins produced by hepatocytes, but mouse Saa3 encodes a functional SAA protein and is the major form of SAA in inflammatory tissues. Mouse Saa4, like the human counterpart, is constitutively expressed [16] [17] [18] [19] .
The SAA isoforms produced by hepatocytes during APR are rapidly released into blood circulation, where they associate with HDL [20] . With a marked increase in plasma SAA level, acute-phase SAA can displace Apo A-1 and becomes tightly associated with HDL [21] . The exact role for SAA in lipid metabolism has been the subject of intense research. It has led to the findings of SAA modulation of cholesterol efflux and of SAA binding to the SR-BI (mouse) and CLA-1 (human). The HDL-associated SAA proteins display different physical properties than their free form, and it is believed that lipid-associated SAA is functionally different from lipid-free SAA. In blood circulation, SAA may serve as an immune opsonin for Gramnegative bacteria, including Escherichia coli and P. Pseudomonas aeruginosa [22] . Both human and mouse SAA proteins have been found to bind retinol with nanomolar affinity that limits bacterial burden in tissues after acute infection [23] .
In contrast to the hepatocyte-derived SAA that enters blood circulation, tissue-derived SAA proteins interact with nearby cells through a number of SAA receptors (Fig. 1) . High levels of SAA proteins are found in the joints of rheumatoid arthritis patients, in blood vessels with atherosclerotic lesions, and in many types of solid tumors. Published studies have associated tissue-derived SAA with the progression of rheumatoid arthritis, atherosclerosis, and tumor metastasis. However, whether SAA serves to accelerate the progression of these disorders or deter their development remains to be investigated.
THE CYTOKINE-LIKE PROPERTIES OF SAA
With the use of rhSAA, Badolato et al. [24] first identified its chemotactic activity for phagocytes. The study was conducted in vitro with freshly isolated blood neutrophils. SAA was found to induce the migration of these cells at 0.8 mM, a concentration easily attainable during APR. A subsequent study shows that this activity of SAA is mediated through the FPR2 that is present on neutrophils and other phagocytes [25] .
Patel et al. [26] reported that rhSAA could induce the transcripts of IL-1b, IL-1rn (also termed IL-1ra), and TNFR-II in the human monocytic cell line THP-1. Subsequently, other studies have shown that rhSAA can induce the expression of TNFa, IL-6, and IL-8 in stimulated blood neutrophils [27, 28] . In rheumatoid arthritis patients, elevation of the local SAA level is associated with increased expression of MMP, which contributes to joint damage [29] . Peripheral blood monocytes exposed to rhSAA secrete the tissue factor, which has proinflammatory functions [30] . In vitro studies have also shown that rhSAA induces the expression of IL-12p40, as well as IL-23p19, but not IL-12p35. As a result, rhSAA is an agonist that stimulates monocyte production of IL-23 (dimer of p40 and p19) but not IL-12 (dimer of p40 and p35) [31] . Subcutaneous injection of rhSAA results in elevated Csf3 (mouse G-CSF gene) expression, accompanied with increased neutrophil count in peripheral blood [32] .
Collectively, these findings suggest that rhSAA may serve as an inflammatory cytokine. Whereas rhSAA is chemotactic to phagocytes, its structure differs from that of the chemokines [33] . As a result, SAA does not belong to any family of known chemokines and inflammatory cytokines. Unlike most inflammatory cytokines, rhSAA has pleotropic effects in vitro, as it not only induces the expression of proinflammatory cytokines but also those exhibiting anti-inflammatory properties, such as IL-1rn and IL-10 [34] . Systemic SAA1 induces IL-10-secreting neutrophils and promotes their interaction with invariant NK T cells, which in turn, limits the suppressive activity of these neutrophils by diminishing IL-10 production and promoting IL-12 production [35] . More recent studies have shown that rhSAA stimulates the expression of IL-33 that modulates different functions of immune cells [36] . As reported at the 2014 Joint Meeting of Society for Leukocyte Biology & International Endotoxin and Innate Immunity Society, human SAA1 are able to skew macrophages toward the M2 phenotype, including an enhanced ability to clear apoptotic neutrophils (efferocytosis), and induced expression of a set of secreted and cell-surface proteins, collectively termed the M2 markers [37] . These findings challenge the traditional view that SAA promotes the inflammatory process through its cytokine-like activities, suggesting that the primary role for SAA may be homeostatic rather than proinflammatory or anti-inflammatory.
SAA RECEPTORS AND DOWNSTREAM SIGNALING PATHWAYS
The pleotropic functions of rhSAA imply that this acute-phase protein may interact with .1 receptor and activate multiple signaling pathways. To date, at least 6 receptors have been identified for SAA (Fig. 1) . FPR2 is a G protein-coupled chemoattractant receptor with multiple agonists [38, 39] . Exogenous expression of FPR2 in cell lines that lack the native receptor confers the ability of these cells to migrate toward SAA [25] and to respond to SAA stimulation with other cellular activities, such as NF-kB activation and production of the chemokine IL-8 [28, 40] . The expression of FPR2 is elevated in arthritic synovium along with the production of MMP [29] . The SAA-FPR2 pair also contributes to inflammation-mediated neovascularization in cornea [41] . Interestingly, SAA appears to exert an effect opposite to that of lipoxin A4 in several studies measuring induced production of proinflammatory cytokines and chemokines [28, 40] and the delay of neutrophil apoptosis [42] . Whether the opposite effects are mediated entirely through the same receptor, remains to be examined.
Two independent studies have shown that SAA can activate the TLRs TLR2 [34] and TLR4 [43] , despite the fact that SAA has little structural resemblance to the bacteria-derived ligands of either receptor. One of these studies identified the TLR2/1 heterodimer as the preferred receptor for SAA [34] . SAA stimulation of these 2 receptors results in MyD88-dependent signaling, including phosphorylation of ERK and p38 MAPK, as well as transcriptional activation that leads to increased expression of IL-1b, TNF-a, IL-12p40, IL-1rn, and IL-10 [34] and elevated production of NO [43] . TLR2 also mediates SAA-induced expression of IL-23p19 [31] and G-CSF [32] . More recently, it has been shown that activation of TLR2 contributes to SAA-induced expression of IL-33 and the M2 macrophage markers [36, 37] . The SAA-TLR2 pair is believed to play a role in tumorigenesis through Stat3-dependent expansion of the immune-suppressive effect of myeloid-derived suppressive cells [44] .
SR-BI and CLA-1 have been shown to interact with SAA [45, 46] . The functional consequence of this interaction is primarily the efflux of cholesterol, which is known to be facilitated by an elevated plasma level of SAA [21] . Despite having a very short intracellular domain, SR-BI/CLA-1 has been shown to transduce signals upon binding to SAA, resulting in ERK and p38 MAPK phosphorylation [45] . The SR-Bs may also mediate uptake of SAA, which is cleaved inside macrophages to generate extracellular amyloid A [47] .
Additional receptors for SAA continue to emerge. The ability of SAA to stimulate IL-1b production is thought to result from SAA-induced NLRP3 inflammasome activation, which is TLR2 dependent [48] . However, another study suggests that the ATP receptor P2X7 is responsible for the activation of the NLRP3 inflammasome [49] . The P2X7 receptor is also involved in the antiapoptotic effect of neutrophils [50] . As the cells used in these studies (monocytes) express most, if not all, SAA receptors, it is difficult to isolate a particular receptor for SAA with use of the traditional loss-of-function approaches.
With its ability to activate more than 1 receptor, SAA is likely to trigger multiple signaling pathways simultaneously. In fact, this has already been shown in published studies. Activation of these receptors and pathways leads to distinct functions (e.g., chemotaxis) and common cellular activities (e.g., phosphorylation of ERK and p38 MAPK and activation of NF-kB) that are also stimulated by inflammatory cytokines and chemokines. SAA-induced chemotaxis involves activation of the Gi proteins, which can be disrupted by pertussis toxin [24, 25] . Likewise, FPR2-dependent activation of NF-kB is subject to inhibition by pertussis toxin [28] . The MAPKs ERK and p38 MAPK are activated by SAA through .1 signaling mechanism, possibly involving a Gia-Gbg pathway downstream of FPR2, a MyD88-dependent pathway downstream of TLR2 and TLR4, and an unidentified pathway downstream of SR-BI/CLA-1 [28, 34, 43, 45] . More recent studies have identified additional pathways and signaling molecules that are activated by SAA. For instance, SAA has been shown to induce IL-33 expression through IRF7 [36] , whereas it induces the expression of M2 macrophage markers through IRF4 [37] . Preliminary results have shown that SAA preferentially activates the histone H3 demethylase Jmjd3 [51] rather than the established Stat6 pathway downstream of IL-4R [52] . As a result, SAA not only triggers transcription factor activation but also influences gene expression through epigenetic regulation [52] .
POTENTIAL INVOLVEMENT OF SAA IN INFLAMMATION AND UNRESOLVED ISSUES
Given the potent effects of rhSAA on inflammatory cells, SAA may be considered a mediator of "danger signal" that influences the inflammation process [53] . A major acute-phase reactant, SAA is produced when mammals sense potentially harmful environmental cues, including trauma, infection, tumor growth, surgery, and severe stress. Its low basal level and high inducibility also match to the standard of danger signal molecules [54] . SAA appears at the site of inflammation and is highly expressed in all inflammatory disorders, including sterile inflammation. Published studies suggest that SAA may have profound effects on innate immunity as a result of its chemotactic and cytokineinducing activities. Its ability to activate TLR2 and TLR4 is of particular interest given that these TLRs have important functions in innate immunity and inflammation and that their genetic variants are closely related to the disposition of several inflammatory and metabolic diseases featuring elevated SAA production [55, 56] .
The majority of published studies that use rhSAA has shown its proinflammatory activities, including the abilities to attract phagocytes, to elicit proinflammatory cytokine expression, and to prolong the lifespan of neutrophils through an antiapoptotic effect. More recent studies demonstrate that the functions of SAA in inflammation may be more regulatory and homeostatic than proinflammatory. As discussed above, rhSAA induces not only proinflammatory cytokines but also anti-inflammatory cytokines, such as IL-10 and IL-1rn. Moreover, the induction of an M2 macrophage phenotype, including the expression of M2 markers and potentiation of macrophage efferocytosis of apoptotic neutrophils, points to the possibility that SAA may be involved in the resolution of inflammation [37] . Evaluation of the physiologic functions of SAA has met with challenges, including the presence of multiple SAA isoforms, as well as receptors, and the fact that most studies published thus far use an rhSAA that differs from the native SAA isoforms (SAA1 and SAA2) by 2 aa. There is also skepticism on the proinflammatory activity of the E. coli-derived rSAA, suspecting that LPS contamination may be a major contributing factor to the observed cytokine-like activities. These concerns have to be addressed to advance SAA research further. rhSAA (apo-SAA, as listed in the catalog of PeproTech, Rocky Hill, NJ, USA) contains 2 aa substitutions and an additional methionine at the N terminus compared with the mature form of human SAA1. An aspartic acid in SAA1 is substituted with an asparagine, as in SAA2 (D61N), and a histidine in SAA1 is substituted with an arginine, as in SAA2 (H72R). The exact reason for substituting these amino acids is unclear, but the resulting rhSAA becomes a hybrid of SAA1 and SAA2. In a letter to the editor of Arthritis & Rheumatism, van den Brand et al. [57] compared this rhSAA hybrid with SAA1, which is also an E. coli-produced recombinant protein from the same commercial source. Their results indicate that the rSAA1 is much less effective in the induction of IL-8 transcripts and NF-kB activation. In a separate report, Bjorkman et al. [58] reported that endogenous SAA (presumably, SAA1 and SAA2) lacks the ability to induce L-selectin shedding when compared with rhSAA. This is in contrast to the original report by Patel et al. [26] that shows the ability of both rSAA and native SAA-enriched HDL complex to induce the transcripts of IL-1b, IL-1rn, and TNFR-II. Kim et al. [59] have found induction of the csf3 (mouse G-CSF gene) transcript in J774 macrophages by SAA purified from human plasma and cardiac surgery patients. The induction is TLR2 dependent but is seen only with the lipid-poor SAA. Therefore, it is possible that the commercially available SAA (apo-SAA) and SAA1 have different properties, but this may not lead to the generalized conclusion that rhSAA has cytokine-like activity because of the substituted amino acids. In a better controlled study, Chen et al. [60] compared rSAA1 isoforms (SAA1.1, SAA1.3, and SAA1.5) with rSAA2.2 for their use of 2 different receptors. This work shows that SAA1.1 and SAA2.2 are equally efficacious at FPR2 and TLR2 when chemotaxis, calcium mobilization, and ERK phosphorylation are measured, but small differences exist between different SAA1 isoforms [60] . Several other studies have shown that mouse Saa3 is biologically active both in vitro and in vivo [61] [62] [63] . Therefore, it appears that the specific biologic assays and the form of the SAA protein (lipid-rich or lipid-poor) are more important factors than the sequence difference between SAA isoforms in the determination of their functional properties.
Another concern over the interpretation of data derived from studies that use rhSAA is the contribution of contaminating LPS. Both rhSAA (apo-SAA) and rhSAA1 from PeproTech are derived from E. coli expression. Given the lipidbinding propensity of SAA, LPS may be difficult to separate from the rSAA proteins. As indicated by the manufacturer, the LPS content is below 1 ng/mg of SAA protein (,1/10,000 w/w). Nevertheless, an effect of contaminating LPS cannot be excluded, considering that TLR4 is one of the SAA receptors [64] . Therefore, it is important to incorporate into the experimental plan assays and controls for this effect with the use of rhSAA, including determination of the LPS content, incubation of the SAA preparation with polymyxin B before the experiment, heat inactivation of SAA, and the use of TLR4-deficient cells, as done in one of the recent studies [60] . Studies that use 1 or more of these controls have shown that rhSAA still possesses biologic activities in the induction of cytokines and chemotaxis [25, 28, 31, 43] , the latter being less likely affected by LPS contamination as a result of the use of a G protein-coupled receptor, FPR2. In addition to LPS, other bacterial products may contaminate the SAA preparation when expressed in E. coli. Whether these other contaminants contribute significantly to the biologic functions of SAA has been examined in some of the published studies. It was shown that rSAA, in the serum-free medium of cultured Chinese hamster ovary cells, retains its TLR2-activating property [34] . Moreover, endogenous human SAA, purified from cardiac surgery patients, is able to induce G-CSF expression in J774 cells [59] . Of note, rhSAA1, prepared by the same manufacturer, has very low biologic activity in some of the functional assays [57] , suggesting that it is possible to minimize LPS contamination in rSAA preparations to levels that do not affect significantly evaluation of SAA in functional assays. In a recently published study, E. coli-expressed rSAA1 isoforms have been shown to stimulate the expression of cytokines (TNF-a, IL-1b, IL-1rn, and IL-10) by macrophages from the C57BL/10ScN mice, which lack functional TLR4 [60] . These findings suggest that the cytokine-inducing activity of rSAA is a property of the SAA protein.
CONCLUDING REMARKS
Accumulating evidence suggests that the acute-phase protein SAA plays an active role in inflammation. As a result of page limitation, it is not possible to discuss all published results in this brief review, but some of the recent findings on SAA involvement in inflammation are summarized (see Table 1 ). Because of the presence of multiple isoforms and receptors, the effects of SAA are pleotropic and may not be categorized simply as being proinflammatory or anti-inflammatory. SAA has been shown to attract migrating phagocytes to site of inflammation; to activate transcription factors, such as NF-kB and exert an effect on epigenetic regulation; to induce the expression of inflammatory cytokines and M2 macrophage markers; and to influence the lifespan of neutrophils through inhibition of apoptosis and enhanced efferocytosis. These properties of SAA and the related signaling pathways may be explored to benefit human health. To advance SAA research to a higher level, it is important to examine the functions of SAA in physiologic settings and in disease models. To this end, it is encouraging that new methods and reagents have been developed for in vivo expression of SAA. These include adenoviral vector-mediated systemic expression of SAA [65, 66] and transgenic expression of SAA in an inducible fashion [67] or in particular tissues [68] . More recently, mice lacking specific SAA genes have been generated [69] (also see Table 1 ). It is predicted that these approaches will enable us to examine functions of SAA in specific tissues and disease models, thereby advancing our understanding of the APR for its role in inflammation and immunity. 
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Cytokine gene expression in dermal fibroblasts
Healthy dermal fibroblasts respond to SAA stimulation with induced expression of IL-6 and activation of NF-kB, which are blocked by anti-TLR2 antibody and small interfering RNA for TLR2.
[70]
Tumor metastasis models S100A4 stimulates Saa1 and Saa3 expression via TLR4, which leads to induced expression of RANTES, G-CSF, MMP2, MMP3, MMP9, and MMP13. Ectopic expression of Saa1 and Saa3 in tumor cells promotes widespread metastasis and immune cell infiltration.
[71]
Chemotaxis of immature DC SAA1 not only stimulates chemotaxis but also induces the expression of CCL3 and CXCL8, which contribute to chemotaxis of immature DC and prolong leukocyte recruitment.
[72]
Proinflammatory heterotypic macrophage differentiation SAA induces the development of a CD11c (high)/CD11b (high) macrophage population in a CSF-1R-dependent manner. These SAA-treated macrophages express concurrently the M2 markers CD163 and IL-10. SAAdifferentiated macrophages respond to LPS with higher levels of IL-6 and IL-1b expression.
[73]
Macrophage M2 marker expression and efferocytosis
Stimulation of mouse bone marrow and peritoneal macrophages results in a MyD88-and IRF4-dependent expression of M2 markers, including IL-10, Ym1, Fizz-1, Mrc1, IL-1rn, and CCL17. SAA also improves macrophage efferocytosis of apoptotic neutrophils.
[37]
Atherosclerosis in apoE 2/2 mice Deletion of Saa1.1 and Saa2.1 does not affect atherosclerosis-related inflammatory marker expression nor does it affect atherosclerotic lesion or cholesterol distribution.
[74]
Atherosclerosis in apoE 2/2 mice Mice receiving only a single injection of SAA-expressing adenovirus show increased atherosclerosis compared with controls. SAA increases LDL retention and vascular biglycan content in a TGF-b signaling-dependent manner.
[75]
Mouse obesity model In obese mice fed with a high-fat, high-sucrose diet with added cholesterol, the absence of Saa3 attenuates liver-specific SAA secretion into plasma and reduces weight gain and macrophage accumulation.
[69]
Abdominal aortic aneurysm formation Plasma SAA level increases by 60-fold in apoE 2/2 mice 24 h after receiving intraperitoneal injection of angiotensin II. Deletion of Saa1.1 and Saa2.1 protects against experimental AAA, in part, through reduced MMP2 activity. [76] 
